Three different functionally graded amorphous carbon (a-C) thin films were deposited on to aluminium substrates using a closed-field unbalanced magnetron sputtering ion plating method.
with the highest Young's modulus at the middle of the film thickness was found to exhibit significantly lower levels of cracking at higher indentation depths. Finite element models that included an embedded ring crack controlled by cohesive zone elements were developed to clarify the effect of ring cracks on the deformation of the films. This study provides guidance for the design of functionally graded coatings against contact damage.
INTRODUCTION
Carbon-based materials have found applications as tribological coatings in microelectromechanical systems and biomedical devices, primarily due to their chemical inertness, biocompatibility, high hardness and low coefficient of friction. However, there are two major drawbacks that hinder the applications of carbon films: 1) low interfacial toughness due to high intrinsic residual stresses, sometimes up to 10 GPa, which makes the films susceptible to lateral cracks at the interface under contact [1, 2] , and 2) low intrinsic coating toughness, normally in the range of 1.8 ~ 2 MPa.m 1/2 [3, 4] , which precludes the use of amorphous carbon (a-C) coatings at very high contact pressures.
In order to improve the interfacial toughness, the use of functionally graded carbon coatings has been proposed [5] . These coatings were developed by varying the carbon ion energy during deposition. On one hand, a graphite-like carbon structure formed at the interface with an attendant reduction of residual stress and hence enhanced adhesion; on the other hand, a diamond-like carbon structure formed at the top surface, providing a greater resistance to plastic deformation and wear. However, a recent study on functionally graded materials with a similar 3 structure revealed that such a gradient design was deleterious to the intrinsic toughness of the coatings [6] . Therefore, it is necessary to improve both the interfacial and intrinsic coating toughness of these carbon coatings if wider applications of these materials are to be achieved.
While the intrinsic coating toughness can be improved by a functionally graded design, as noted earlier [5] , there are no reports that both the interfacial and intrinsic toughness of the carbon coatings has been simultaneously improved by the application of such gradient design. In the present work, we focus on how the gradient design can be applied to improve the overall toughness of carbon coating systems. More specifically, three different functionally graded carbon coatings have been developed with unique arrangements of Young's modulus through the coating thickness. The effect of graded Young's modulus within the films upon the deformation and fracture behaviour of these coatings has been analysed with the assistance of depth-sensing indentation and focused ion beam microscopy. Moreover, finite element models were developed based upon these experimental observations, to evaluate the stress distribution in different coating systems and clarify the effect of cracks on their deformation behaviour. Insights have then been gained into the optimal design of functionally graded carbon coatings for contact damage resistance. Also, the discontinuity (pop-in) in the load (P) -displacement (h) curve during loading has been attributed to factors such as the onset of plasticity [7] , crack formation [8] and phase transformation [9] , depending on the specific material, loading conditions and tip geometry. However it is still unclear which crack type in a brittle coating system corresponds to the formation of pop-ins in the P-h curve. In this study, we investigate the onset of fracture in coatings with a graded Young's modulus.
EXPERIMENTAL METHODS

Film deposition
The amorphous carbon (a-C) films were deposited by closed field unbalanced magnetron sputtering ion plating onto pure aluminium substrates. The substrates were finely polished (Ra ~ 0.03 Pm), degreased, ultrasonically cleaned, and subsequently blown dry in flowing nitrogen gas.
A computer-controlled commercially available UDP650 magnetron sputtering system (Teer Coatings Ltd, UK) comprising six rectangular cathodes (2 Cr and 4 graphite targets) that operate in unbalanced magnetron mode was used in the experiment. The closed magnetic field coupling results in a high degree of ionization, thus giving intense ion bombardment to the growing films on the substrate surface [10] . The equipment was furnished with a rotating substrate holder with variable rotation speed (0 -20 rpm) to permit a homogeneous composition of the films. The substrates were biased with pulse DC at a frequency of 250 kHz. The background pressure before deposition was less than 5×10 -4 Pa. The deposition process of the a-C films comprised four major steps: plasma ion cleaning, adhesive layer, compositionally ramp layer, and pure carbon top layer deposition. The Ar ion etching to the substrate in the first stage was employed to remove contaminants and oxide layers on the substrate surface and thus to guarantee good adhesion. After that, a thin adhesive metal layer (Cr) of about 0.2 Pm thickness was prepared, then a Cr/C ramp layer of 0.5 Pm thickness (with decreasing sputtering power on Cr targets and increasing sputtering power on C targets) was made for load supporting, and finally the pure carbon films (~2 Pm thick) were produced by only sputtering graphite targets with a power of ~2 kW under an Ar gas pressure of 0.2 Pa. The gradual variation of chemical composition in the Cr/C ramp transition layer was beneficial to accommodate stresses and reduce micro-cracking.
All the depositions were carried out at ambient temperature. During deposition, the substrates 5 were not heated. However, the ion bombardment to the substrate increased its temperature, which was estimated to be lower than 200qC. The deposition rate for the pure a-C coatings was about 0.66 Pm/hour. The relative low deposition rate resulted from the low sputtering yield of graphite materials. Because the a-C coatings (top layer) contain only one element (i.e., carbon), there is no the so-called multilayer effect, therefore, the influence of substrate rotation speed on the composition and structure of the resulting films was insignificant. In this experiment, a rotation speed of 5 rpm was used for all depositions. The total thickness of the films was in the range of 2.5 -3 Pm.
It has been reported that the sputtered non-hydrogenated carbon films possess an amorphous microstructure and have a wide range of hardness, density, tribological performance [12, 13] .
Their mechanical properties could be varied in a controllable and repeatable manner by selecting appropriate deposition parameters such as bias voltage, which determines mainly the energy of ions bombarding on the growing film surface. In the present study, three functionally graded amorphous carbon (a-C) films were designed and fabricated on pure aluminium substrates (purity > 99.99 at.%) by varying the bias voltage linearly between -40 and -140 V during the final deposition stage of pure carbon. The deposition conditions for the Cr adhesive layer and Cr/C ramp layer remained the same. The first coating system, i.e., a-C12 (Figure 1 a) , was processed by gradually varying the bias voltage from -40 to -140 V during deposition in an attempt to produce a gradient in Young's modulus (E) from the interface (lower E) to the top surface (higher E). The second coating system (a-C21) was deposited inversely to a-C12 in an attempt to produce a reverse gradient in Young's modulus from the interface to the surface (Figure 1 b) . The third coating system (a-C121) was deposited by varying the bias voltage form -40 to -140 V for deposition of the first half of the coating thickness (~ 1 μm thick) and then from -140 to -40 V for the second half (Figure 1 c) . In such a case, a unique gradient in Young's modulus was created in this system with the highest Young's Modulus value located at half of the coating thickness and the lowest Young's modulus residing both at the top surface and the interface. For all the three systems, the pure carbon coating thickness was kept constant at ~2 µm. Hard coatings of higher stiffness and hardness are commonly used to protect ductile substrates in technical applications. This means that ideally, the Young's modulus and hardness of the substrate material used in the model system should be lower than 125 GPa and 20 GPa (corresponding to that of a-C coatings prepared at -40 V), respectively. Consequently, unalloyed
Al was selected as the substrate, since it possesses a Young's modulus of 77 GPa, a yield strength of 0.120 GPa and a hardening modulus of 4 GPa [13] . Finally, six monolithic carbon coatings with a thickness of 2 µm were deposited on Si (100) substrates at constant bias voltages of -40, -60, -80, -100, -120 and -140 V respectively to clarify the correlation between the bias voltage and the Young's modulus.
Nanoindentation
To obtain a relationship between deposition bias voltage and Young's modulus of the coating, a nanoindenter (TriboIndenter, Hysitron, Inc) with a Berkovich tip was used. At a constant load peak of 8 mN, 20 indentations were performed on each of the a-Cs deposited at bias voltages of -40, -60, -80, -100, -120 and -140 V on Si (100) substrates. The 'multiple-point unload method' developed by Oliver and Pharr was used for determining Young's modulus and hardness [14] in which the Poisson's ratio of the a-C films is assumed to be 0.25; loading and unloading times were kept constant, 10 seconds for each, and the tip was held for 5 seconds at the peak load. The maximum depth of penetration for the most compliant coating deposited with bias voltage -40 V was 190 ± 5 nm, i.e., less than 10% of the film thickness. Therefore, the effect of Si substrate may be neglected in determining the mechanical properties of the coatings deposited at various bias voltages [15, 16] . To introduce fracture damage in the graded films on aluminium substrates, a UMIS Nanoindenter (CSIRO, Australia) equipped with a spherical-tipped indenter of 5 μm radius was used at peak loads of 75, 100, 125, and 150 mN. Loading and unloading were performed using load control with load applied in 100 steps with a 0.1 second hold following each increment.
Subsurface damage observation
Subsurface damage of the films on the aluminium substrate was analysed using a dual-beam focused ion beam (FIB) workstation (FEI Nova 200 Nanolab, FEI company, USA). The method has been outlined in detail elsewhere [1] . Briefly, a protective layer of platinum (1 Pm thick) was initially deposited onto the coating surface in the vicinity of the indent, and then cross-sections of the indented region were milled by the ion beam, using beam currents of 7000 pA for the initial cuts and 3000 pA for the final cleaning mills. Subsequently, the region was imaged by the electron beam operated at 5 keV.
Finite element modelling
The establishment of design guidelines of gradient coating systems against contact damage requires a deeper understanding of the mechanisms by which deformation and fracture occur in each particular system. To that end, an axisymmetric finite element model (FEM) ( Figure 2 ) was developed using ANSYS 11 (ANSYS Inc, Canonsburg PA, USA). The general assumptions and parameters have been reported in an earlier study [1] . In the present work, the thickness of the film (t) and the radius of the indenter (R) were assumed to be 3 μm and 5 μm, respectively. The aluminium substrate was modelled assuming bikinematic hardening with a Youngs modulus of 77 MPa, yield stress of 120 MPa and hardening modulus of 4 GPa. The a-C films were hard and assumed to behave in a purely elastic manner during indentation. The variation of Young's modulus across the film thickness was modelled by utilising the temperature-dependent Young's modulus feature in ANSYS and constantly varying the temperature within the film. For the simplicity, residual stress was not considered [1, [17] [18] [19] and set constant at zero by applying a thermal expansion coefficient of zero. According to a previous study, a 200% increase in residual compressive stress in the coating would only result in a 6% increase in the maximum radial stress at the asymmetric axis at the coating/ substrate interface [1] . Nevertheless, due to the complex nature of graded coating structures, it is difficult to estimate variation of residual stress across the thickness of the coatings. In order to analyse the effect of cracking on deformation behaviour of the coated systems, a straight crack at a distance of 3 μm from the axisymmetric axis was embedded from the top surface to the half of the coating thickness to simulate the ring crack. In addition, a crack parallel to the interface is inserted, starting at the lower end of the previously embedded vertical ring crack, to simulate the spalling of the coating after the formation of the ring crack. The ANSYS contact element CONTA171 was used with a special feature of debonding, coupled with the TARGE169 element, to simulate the fracture process by means of cohesive zone modelling (CZM). The input parameters were maximum normal stress (σ max ), tangential stress (τ max ) and their corresponding characteristic gap distances at completion of debonding c t c n u u , calibrated to correspond with expected fracture energy. The intrinsic fracture energy for the occurrence of a ring crack in both normal and shear cracking was assumed to be the same, 30 J/m 2 [3, 4] . The maximum stresses (σ max , τ max ) were assumed to be 4
GPa and the gap distances in both normal and tangential directions following debonding were 0.015 µm, assuming elastic fracture energy is given as [20]. To overcome convergence difficulties due to debonding, artificial damping of 10 -5 second was used.
RESULTS AND DISCUSSION
Nanoindentation
The values of Young's modulus were doubled when the deposition bias voltage increased from -40 V to -140 V (Figure 3) . The observed trend, i.e. Young's modulus increasing with the bias voltage, is in agreement with an earlier finding [21] . The identification and quantification of the Young's modulus bias voltage relation was used for the subsequent design of different graded carbon coatings.
The load (P) displacement (h) curves for all the three coatings corresponding to maximum loads of 100, 125 and 150 mN are shown in Figure 4 . The compliance of the coated systems is observed to follow the order of a-C12, a-C121 and a-C21 with a-C12 showing greatest resistance to elastic contact deformation. For the indentation using maximum load of 100 mN, a pop-in is observed at a load of ~92 mN in the coating a-C12 (Figure 4 a) . However, no pop-in is observed in either a-C21 or a-C121. Increasing the contact load to 125 mN renders further pop-ins in the a-C12 and the first pop-in in the a-C21 coating at a load of ~110 mN (Figure 4 b) . In contrast, no pop-in is observed in the a-C121 coating, suggesting a better resistance to cracking than a-C21 and a-C12. On a further increase of the load to 150 mN, a-C121 eventually yielded a pop-in the P-h curve (Figure 4 c) . It is worth noting that, in all the cases investigated here, the step size of the pop-ins is greater than that observed in our earlier studies of nanoindentation of diamond-like carbon (DLC) thin films on ductile substrates [1, 4] . Moreover, the step size in the a-C21 and a-C121coatings is smaller than in the a-C12.
The cross-sectional images of indents made upon the different coating systems, corresponding to maximum loads of 100 mN, 125 mN and 150 mN are shown in Figure 5 (a-g). Structural discontinuities or cavities can be seen at the interface between the substrate and the bonding/buffer layer. This condition has been observed for all coating systems, even prior to any indentation ( Figure 6 ), and hence was not due to indentation damage. According to a recent report that carbon coatings deposited on hardened steel substrates showed better adhesion properties than carbon coatings deposited on non-hardened steel substrates [22] , the poor adhesion may be attributed to the low load-bearing capability of the soft aluminium substrates.
For indentations corresponding to maximum load of 100 mN, three type of cracks, i.e., ring, radial and lateral cracks are present in a-C21 and a-C12 ( Figure 5 Hence, the pop-in in the P-h curves may be used to monitor occurrences of major ring crack. In comparison, it is difficult to detect the occurrence of radial cracks from the P-h curves ( Figure 5 c & f). This may be explained as follows: a) the growth of the radial crack may be relatively discreet, compared with the ring crack, and the resultant energy release rate may be too small for the crack to be detected in P-h curve as a pop-in which reflects a high energy release rate.
Instead it will alter the slope of the P-h loading curve; b) in spite of radial crack formation, the indenter is partially supported by the surrounding film and membrane stresses [21] . Therefore, the loss of the film stiffness due to the occurrence of the radial crack is a gradual process whereas formation of major ring crack is unstable resulting in a sudden change in film stiffness and a P-h pop-in.
Finite element analysis
Radial stress in the a-C films is responsible for the formation of radial cracks that were observed to initiate at the interface between the film and the substrate directly below the indenter. Radial stress distribution within the three coating systems studied at a normalised depth (h/t) of 0.5 is shown in Figure 8 . It can be seen that the magnitude of the tensile stress at the interface is lower (15 GPa) in a-C12 than for a-C21 (22 GPa), due to lower elastic modulus at the interfaces; 125
GPa versus 250 GPa. For the a-C12 and C121 systems, the tensile stresses have similar values at the interfaces (15 GPa). But in a-C121, unlike a-C12 and a-C21, the maximum tensile stress is observed in the middle of the coating, which diminishes gradually and also broadly in the radial direction outside of the area of contact of the indenter (Figure 8 c) . In both of the coatings a-C12 and a-C121 and unlike a-C21, the tensile radial stress was distributed broadly in the radial direction across the interface. Whereas in a-C121, the tensile stress is mostly confined in the middle of the coating as a result of increasing modulus in that region. This means the maximum stress is not located near a surface where a potentially larger defect population is more likely to initiate fracture.
Radial cracks were observed in a-C21 and a-C121 at 100 mN ( Figure 5 b & c) . According to the distribution of radial stress in both coatings, a-C21 would form a radial crack before a-C121
( Figure 8 b & c) . We also examined the crack formation in a-C12 and a-C121 following low load indentation to 75 mN. Radial cracks were observed in a-C121, but not in a-C12 at 75 mN ( Figure   9 ). This can be explained as follows: though the same radial stress can be observed at same contact depth in a-C12 and a-C121 near to the axisymmetry axis, the depth of penetration is different in a-C12 and a-C121 at a constant force. a-C12 has stiffer surface on a relatively compliant subsurface, whereas a-C121 has the reverse configuration. So at constant force, i.e. at 75 mN, a-C121 will undergo more bending or depth (see inset of Figure 10) , and hence increased radial stress to facilitate the formation of a radial crack. It is also interesting to see the formation of ring crack in a-C12 can suppress the radial stress at the interface (Table I) .
On evaluating the radial stress at the top surface, a-C12 showed the highest stress followed by a-C121 and then a-C21, which is consistent with the findings of Suresh et al. [24] . The ring crack was vertical relative to the interface in a-C12, whereas an inclined acute ring crack was present in a-C21 and a-C121. For a-C12, the top surface is stiffer than the material underneath. This gradient arrangement could provide a greater driving force for ring crack formation and may cause a sudden advancement of the crack in the material (Figure 5 a) [24] . For a-C21 and a-C121, however, the lower modulus at the top surface would generate lower tensile stresses. This is also in agreement with the general finding in functionally graded materials that the crack resistance is greater if the crack is present in the relatively more compliant side [19, 25] . This may explain why there is no observation of ring crack in a-C121 at a load of 100 mN.
Under normal contact conditions, plastic deformation occurs in contacting materials when the contact pressure is greater than the hardness of the materials. Consequently, the higher the hardness, the higher the pressure required to yield the graded carbon coatings. The plastic deformation of the asperities on the top surface of the a-C21 coatings will be greater than the cases of a-C12 and a-C121 due to the relatively high hardness value (25 GPa) of the surface of a-C12. These less deformed asperities will then also act as a stress concentration centre, and hence will assist the formation of the ring cracks [18] .
The effect of ring crack propagation upon the predicted normalised load (P/R 2 ) and displacement (h/t) curves for the a-C12, a-C21 and a-C121 systems is shown in Figure 10 . (Note that the model calculations were undertaken under displacement control and hence pop-ins cannot be observed, unlike the experiments which were undertaken under load control.) For reference purposes, a plot corresponding to a-C21 without a ring crack has been included. It is worthwhile to note that no appreciable difference was observed in simulated P-h curves for different coating systems, when modelled without any crack, for depths more than 10% of coating thickness [26] .
In the simulated P-h curves with a ring crack, the a-C12 showed more load bearing capacity below the normalised depth of 0.08 followed by a-C121 and then by a-C21 (inset Figure 10 ).
These behaviours demonstrated in the simulated P-h curves were similar to the experimentally recorded P-h curves in Figure 4 , before the observation of a pop-in. But, above a normalised depth of 0.08, a-C12 exhibited a gradual decrease in slope in the corresponding P-h curve (inset Figure 10 ). This is consistent with experimental observations in regard to the order in which the pop-ins were observed. Therefore, we conclude that the pop-ins most likely result from the spalling of the coating material following the formation of the ring crack rather than from the initiation of the crack (such as Figure 5 b & f).
Similar observations have been made in our previous study of a DLC film on steel substrate, in which we observed the ring crack, but no pop-in; when spalling resulted upon further loading, the pop-in was consequently observed [1] . In modelling we have not included a radial crack, but experimentally it was observed to form first in both the a-C21 and a-C121 coatings. Hence, the FEM might have underestimated the compliance of a-C21 and a-C121 at higher depths.
According to Abdul-Baqi et al. [17] , shear and axial stresses influence delamination during loading and unloading, respectively, and initiate delamination outside and beneath the indenter's contact area, respectively. From the FIB cross sectioning, delamination is only observed beneath the indenter area, indicating that delamination predominately occurs during unloading due to axial stresses only and, therefore, shear stresses were not considered further. It is noticeable in Figure 5 a, d & e that whenever delamination was observed at the interface of the coating and the interlayer, there were observations of both ring and radial cracks. In Figure 5 b, c & f where delamination was observed at the interface of the substrate and the interlayer, a radial crack was observed. Observations of ring and radial cracking together during loading correspond to fracture of the coating in any case. This leads to a significant loss of compliance of the coating and, hence, the suppression of axial stress during unloading. This will not be the case, if any one of these cracks occur alone. This explanation was further confirmed at 150 mN on a-C121 which showed delamination above the interface as a ring crack and radial crack were observed ( Figure   5 g).
CONCLUSIONS
We have designed and then processed various graded a-C films of tailored Young's modulus by varying the deposition bias voltage. Experiments showed that a graded coating (a-C121) in which the relatively high Young's modulus is obtained at half of the coating thickness provided better contact damage protection under higher indentation depth than coating systems with relatively higher stiffness at either the upper or interfacial surface. We did observe, however, radial cracking in a-C121 at an early stage of loading; this is believed to be due to defects at the interface, which can be potentially reduced by improved substrate surface preparation. We also demonstrated by both experiment and FEM that spalling of the coating after the formation of a ring crack is related to a pop-in recorded on the P-h indentation curve. We also explained how ring crack formation affects the formation of other cracks in the system and that the occurrence of delamination location at interfaces depends on the formation of ring and radial cracks. Table I . Values of normalised radial stress (σ rr /σ y × 10) at the a-C film and substrate interface with normalised depth (h/t) during loading with and without ring crack. 
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